The oxides with perovskite structure possess abundant physical properties, such as magnetism, dielectricity, photoelectricity, ferroelectricity, etc. The oxygen ions in the perovskite unit cell constitute an octahedral distribution. The deformation or tilting of the special oxygen octahedra structure leads to new performances or properties change. Here, we give a review of the relationship between magnetic and electrical behaviors and oxygen octahedral tilting in several typical perovskite oxides. An understanding of how to tune these properties by controlling the tilting during the sample growth can more effectively guide the design of new structures for high performance and inspiring their potential applications.
INTRODUCTION
The ABO 3 type oxides have the atoms arranged into the so-called perovskite structure. One perovskite unit cell involves six oxygen atoms, which occupy the face-centered sites of the face-centered cubic (FCC) structure, forming an oxygen octahedron, and the B-site cations infill the central vacancy, as shown in Fig. 1a . In a centrosymmetrical perovskite such as SrTiO 3 [1-3] with space group of Pm3m and lattice parameter of 3.905 Å, the strontium ions are located at the corners of the cubic unit cell, and the titanium ion is in the center, surrounding by oxygen ions. These [001] axes of the cubic or pseudo-cubic unit cell, while the superscripts l, m, and n are +, − or 0, expressing the tilting angle of the neighbor octahedron tilts in the same (+,"inphase" type) or opposite (−, "anti-phase type") sense, or no tilts (0). The origin of the oxygen octahedron tilting is reflected by the deviation of the B−O−B bond which can be described by two quantitative definitions. The first is Goldschmidt Tolerance Factor [25] :
where r A , r B and r O are radii of A, B cations and O anions, respectively. The second is the Intersection Angle of the two bonds:
For a centrosymmetrical perovskite wherein the A cation matches in size with the O anion to form cubic closepacked layers and the B cation matches the size of the interstitial sites of the BO 6 octahedron, the tolerance factor (t) is 1. However, once a distortion happens, the ideal packing will be broken, and t will deviates from 1.0 with the deviation reflecting how far the ionic sizes can move and still be "tolerated" by the perovskite structure. When the deviation of t from 1.0 is small, e.g., −0.05 ≤ t−1.0 ≤ 0.04, the crystal structures were found to preserve cubic symmetry [26, 27] [29] , and the average bond angle θ continues to decrease as the symmetry change from tetragonal to rhombohedral to orthorhombic. Therefore the tolerance factor and the oxygen octahedral tilting are criteria for the structure symmetry.
The tilting of oxygen octahedra is highly related to the tunable properties of the perovskite oxides. In this review, we use four prototypes as examples to present the relationship between the oxygen octahedral tilting and the magnetic and electric properties of the perovskite ABO 3 oxides.
MAJOR TECHNIQUES TO OBSERVE OXYGEN OCTAHEDRAL TILTING
The magnitude of the oxygen octahedron tilting can be evaluated from both theoretical calculations and experiments. Theoretically, calculation methods [30] [31] [32] can work from atom arrangements and predict the connection between the oxygen octahedral tilting and the properties. Fig. 2a gives an example of a complete new family of stable phases in multiferroic BiFeO 3 (BFO) and related compounds [33] . Besides the a 0 a 0 c + (c axis in-phase type, namely pp or mm) and a 0 a 0 c − (c axis anti-phase type, namely pm) tilting patterns, it is also possible that the BFO displaces complex and nano-twinned tilting patterns, ppmppm and ppmm.
Experimentally, researchers first started with neutron deflections measurements [34] [35] [36] 
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the octahedra. For example, with the help of the high-angle annular dark field scanning transmission electron microscopy images (HAADF-STEM) and annular bright-field scanning transmission electron microscopy (ABF-STEM), it is available to visualize the oxygen atoms as well as the octahedral tilting. Fig. 2b shows the oxygen octahedra of a SrRuO 3 (SRO) film on the GdScO 3 (GSO) substrate [37] , where the tilting is a − a − c + in an orthorhombic (Pbmn) structure, and the pattern of the film gradually changes from in-plane along [001] ortho to out-of-plane along [1-10] ottho . Also, Ramen spectrum can help to measure the structural distortion [38] [39] [40] .
OXYGEN OCTAHEDRAL TILTING TUNNING MAGNETIC BEHAVIOR Multiferroic BiFeO 3 (BFO)
BFO is the only material that has been discovered to maintain both magnetism and strong ferroelectricity at roomtemperature, with antiferromagnetic Néel temperature T N~6 43 K, and ferroelectric Curie temperature T C~1 103 K [41, 42] . Fig. 3a shows the schematic illustration of a BFO unit cell, which is rhombohedrally (R) distorted (R3c) [43] with lattice parameters of a = 3.965 Å and α = 89.3°-89.4° [44, 45] , meanwhile, the tolerance factor t = 0.88 [46] , and the Fe−O−Fe angle θ = 154°−156° [47] . The oxygen octahedral tilting is about 11°−14° around the [111] axis [43, 48] (Glazer notation a − a − a − ). Such tilting controls both the magnetic exchange and the orbital overlap between Fe and O ions, thus determines the magnetic ordering temperature and the conductivity (which will be discussed in the later section).
The local short-range magnetic ordering of BFO is G-type antiferromagnetism, with each Fe 3+ spin surrounded by the six antiparallel spins on the nearest Fe neighbors. Yet, the spins are not perfectly antiparallel due to the oxygen octahedral tilting, and this asymmetry is intimately connected with a macroscopic magnetization called weak ferromagnetism [49] , arising from the canting of the antiferromagnetic sublattices. However, there is a spiral spin structure (a spin cycloid, Fig. 3b ) with the antiferromagnetic axis rotating along the [10-1] direction in a long-wavelength period of 64 nm [50] , which cancels the local canted moment as an averaging out effect in bulk BFO. Fortunately, this spin cycloid can be suppressed by doping [51] or in thin films due to epitaxial constraints from the substrates or enhanced anisotropy [52] , which enables a homogeneous net magnetic moment. The mechanism of the canted moment is an antisymmetric spin coupling called Dzyaloshinskii-Moriya (DM) interaction [53, 54] , which is due to the combined action of exchange interaction and spin-orbit coupling. Between two magnetic moments M Fe1 and M Fe2 of two Fe atoms in the unit cell, as shown in Fig.  3c , DM interaction has the form of:
where D is the coupling vector, L = M Fe1 − M Fe2 is the an- 
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tiferromagnetic vector which express the difference of the two sublattice magnetizations, and M c = M Fe1 + M Fe2 is the resulting canted magnetization (Fig. 3d) . From the expression of E DM , it is clear that D, L and M build up a right-handed system. This DM interaction-induced weak magnetism has been proved by calculations [49] to be coupled with the structural distortions. On the other hand, besides the oxygen octahedral tilting, the structural distortions in R3c BFO also includes the anion and cation displacement which leads to a spontaneous electric polarization of about 100 μC cm −2 [55] . However, the experimentally observed magnetization reversal was demonstrated to link directly with the oxygen octahedral tilting instead of the polarization displacement switching.
Since BFO is also a rhombohedral ferroelectric, its polarization P points along [111] directions. Experimental works have explored the relationship between the ferroelectric polarization and the magnetic symmetry. The magnetic easy plane is defined by the polarization P and the cycloid propagation vector k//[101 -] in bulk BFO. Thus the homogeneous canted moment in thin films is perpendicular to the polarization, and can be manipulated by electrically switching the polarization, as shown in Fig. 3e . Recently, it is reported both theoretically and experimentally that in an exchange coupled Co 0.9 Fe 0.1 (CoFe)/BFO heterostructure, the ferromagnetic moment of CoFe can be reversed using applied electric field, which is promising candidate for magnetoelectric and multiferroic device applications [56, 57] .
By manipulating the epitaxial strain to be strongly compressive in BFO thin films (using YAlO 3 and LaAlO 3 substrates instead of SrTiO 3 or DySrO 3 ), the rhombohedrally symmetry in bulk BFO can be manipulated to a tetragonal-like (T-phase) distorted phase (P4mm), with the lattice parameter a~3.66 Å and c~4. 65 Å [58] . Such distortion has a large spontaneous polarization, however it suppresses the oxygen octahedral tilting in R-phase BFO. Therefore, the T-phase BFO has been proved with no canted moment [59] . This is further evidence that the weak ferromagnetism is related to the tilting distortion instead of the ferroelectric B-site cation displacement. The LaAlO 3 substrates also produce appropriate compressive strain that the T-and R-phase coexist (mixed phase) in the films, which provide comprehensive yet interesting system for further studies.
Metallic ferromagnet (La,Ca)MnO 3 (LCMO) and (La,Sr) MnO 3 (LSMO)
With appropriate doping of Sr or Ca on the A-site, LaMnO 3 can be transformed from an antiferromagnetic insulator to a ferromagnetic metal, which is explained by the double exchange hoping mechanism [60] [61] [62] [63] associated with Jahn-Teller effect [64] . Unlike BFO, LSMO [65] and LCMO [66] have multiple phase transitions: the rhombohedralorthorhombic-monoclinic structural phase transitions, the electronic transport metal-insulator transition, and the antiferromagnetic-ferromagnetic phase transition. The phase diagrams of LSMO and LCMO are shown in Figs 4a and b. Such a complex doping system enhances the variety of physical properties. The LSMO with doping concentration x between 0.2 and 0.4 has the highest Curie temperature (T C ≈ 370 K in thin films) in the manganite family, as well as relatively high carrier density (10 21 -10 22 cm −3 ) [66] . It also has a perovskite structure with rhombohedral distortion (Glazer notation: a − a − a − ), the tilting angle is 7.8°, and the Mn−O−Mn angle θ is about 163° [67] .
In ideal crystal stacking of LSMO or LCMO, the energylevel configuration of the five d orbitals of a manganese ion split into a t 2g triplet and an e g doublet. Under the effect of Jahn-Teller distortions, the energy of the t 2g triplet and the e g doublet further split into a complex spin-resolved band structure [68, 69] . The spin-up localized t 2g band are fully occupied, thus the conductivity are determined by the partially occupied spin-up e g band and the oxygen p bands. ). Such ferromagnetic interaction caused by the exchange of conduction electrons is called double exchange interaction. The hopping probability of the e g electrons between adjacent i and j Mn ions along the Mn−O−Mn chain can be explained by the effective hopping energy t ij :
where t 0 ij is the intersite hopping interaction, and θ ij is the angle between the classic t 2g spins of the Mn ions. The equal sign establishes under certain hypothesis and approximation. According to Equation (4), the energy is largest when the Mn spins are aligned parallel. Therefore, by modifying the spin alignment, the conductivity can be manipulated. The spin configuration upon T C is random, which leads to low hopping probability of the e g electrons. However, an external magnetic field can align the spins, and results in magnetoresistance (MR) effect. Such enormous MR change around T C is called colossal magnetoresistance (CMR) effect [68] .
According to the mechanism of th e CMR effect in LSMO or LCMO systems, Mn−O bond length and the Mn−O− Mn angle can control the hoping matrix elements and then affect the magnetism and transport properties. The
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electron structures for rhombohedral (R3 -c), orthorhombic (Pbnm), and monoclinic (P2 1 /c) phases along (010) plane are shown in Fig. 4c [34] . It is reported that the monoclinic phase is antiferromagnetic, the rhombohedral phase is ferromagnetic, and the orthorhombic phase is ferromagnetic for x ≥ 0.125. Transport measurements show that the orthorhombic and monoclinic samples remain nonmetallic from 20 to 350 K, while the rhombohedral phase exhibits a metal-insulator transition at temperatures close to T C . By controlling the oxygen octahedral tilting in LSMO through epitaxial strain engineering, the novel structural, electronic, and magnetic behaviors can be designed in thin films and multilayers with desired properties [9] .
OXYGEN OCTAHEDRAL TILTING TUNNING ELECTRICAL BEHAVIOR Dielectricity: ABO 3 perovskite
The perovskite is the name for a particular mineral: CaTiO 3 (CTO) as well as being the name of a structural family. The CTO ceramic (a = 3.80 Å, t = 0.98, orthorhombic, tilting notation: a − a − c + ) is a typical dielectric material (κ = 180 at room temperature) [70] . Thus the dielectric constant (ε r ) of the perovskite structure was the first useful property pursued in history. During the Second World War, BaTiO 3 (BTO) was spotted to be a promising material with highest ε r [6, 71, 72] . The high dielectric susceptibility comes from the displacement of the titanium ions of the TiO 6 octahedra center, which also results in ferroelectricity. However, the tolerance factor of BTO at room temperature is above 1, indicating that there is no tilting required.
Afterwards, a series of barium and strontium based complex perovski tes with the formula A(B 1/3 B' 2/3 )O 3 were studied [4, 73, 74] . The B-site cations are stacked with one layer of B ions and two layers of B' ions in the {111} planes, while the A-site cations gradual substitution of Sr for Ba reduces the t value and resulting in phase transitions including oxygen octahedral tilting. These doping induced (2) O (2) Mn (3) Mn (3) Mn (3) Mn(2) Mn (2) Mn (1) Mn (4) Mn (4) O (4) O ( 
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distortions affect the temperature coefficient of the dielectric permittivity (τ ε ) and resonant frequency (τ f ). Fig. 5a illustrates the relationship between the t value and τ ε , which means that τ ε is manipulated by the octahedral tilting related transitions. As the t value decreases from 1.06 to 0.92, the complex perovskites structure experienced from "untilted" to "anti-phase tilted" to "in phase and anti-phase tilted" modifications. The Glazer notations taken into consideration for the tilting modes are listed in Table 1 . Because the compounds with higher temperature stability (τ ε close to 0) and lower dielectric losses (high quality factor Q•f) are more promising candidates for resonators, by changing the B-site cations and manipulating the Ba/Sr ratio, the tilting mode of the structure can be controlled, and the dielectric properties can be regulated.
Dielectricity: complex perovskite (tungsten bronze structure)
Similarly, a perovskite-related solid solution Ba 6−3x R 8+2x Ti 18 O 54 (0 < x < 1, where R is rare earth) also exhibits good dielectric properties as microwave resonators [75, 76] . The structure is called tungsten bronze like superstructure (Pbam, Pbnm), in which the TiO 6 octahedra framework forming by 2 × 2 unit cells of perovskite blocks and producing ten A1 rhombic sites, four A2 pentagonal and four trigonal sites for A-site cations. The tolerance factor of this structure can be described by the following equation [77] :
The tilting of oxygen octahedra (Fig. 5c ) along the c ([001] pseudo-cubic ) axis leads to splitting of the oxygen ion electron density, which further changes the structure symmetry from 2 to 2 1 along the c axis, and then affects the dielectric properties. It is reported [78] that the highest Q•f value of the Ba 6−3x R 8+2x Ti 18 O 54 ceramic comes from the composition x = 2/3, 
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in which the barium ions and rare earth ions occupy the A2 and A1 sites, respectively. Such distribution of cation ordering reduces the internal strain of the structure and results in high Q•f. Nevertheless, the dielectric constant is affected by not only the volume of the TiO 6 octahedra, but also the tilting of the Ti-O-Ti bond, and the polarizabilities of the barium and the rare earth ions. For different R ions (Sm, Nd, Pr, and La), the ε r decreases linearly as the unit cell volume decreases [79] , and the tilting angle (Fig.  5d) increases [80] . The τ ε is also related to the tolerance factor [74] , as shown in Fig. 5b . It is possible for the "Glazer-like" tilting in the compounds to affect the dielectric properties. Thus, the selection for the composition x and the rare earth element R of the tungsten bronze type ceramic Ba 6−3x R 8+2x Ti 18 O 54 are: (as concluded in Ref. [80] ) 1) for high Q•f, the composition x should be 2/3; 2) for high ε r , certain R ions should be selected with large polarizability and appropriate radius to gain large octahedral volume and small tilting angle.
Conductivity
The oxygen octahedral tilting can reduce the overlap between the B d and O 2p orbitals and hence affects the electric bandgap of the perovskite oxides. As we mentioned before, BFO is an insulating ferroelectric, and its conductivity is highly related to the tilting. As illustrated in Fig. 6a , at the ferroelectric domain walls of the BFO thin films, the local symmetry is damaged accompanied by the suppression of ferroelectric polarization, leading to a lattice expansion in the direction perpendicular to the domain walls. Therefore, the octahedral tilting is suppressed, giving rise to straightening of the Fe-O-Fe bond angle and increasing of the overlap between Fe and O orbitals and hence conductive domain walls. Consequently, the domain-wall conductivity also depends on the type of domain wall. For example, if the absolute value of the polarizations at the domain walls are low, the volume change will be greater, making the domain walls more conductive. In rhombohedral BFO, there are three types of domain walls: 180°, 109° and 71°, as defined by the polarizations direction in the adjacent domains across the wall. The tilting is not suppressed in 180° domain wall, hence, the absolute polarization is zero. Thus, this type of domain wall is more conductive. The tilting is the most suppressed in the 71° wall, and therefore it has the biggest polarization value, and the least conductivity. The experimental observations of domain wall conductivities agree with this prediction [81, 82] . First principle calculation studies [83, 84] further explained that the oxygen octahedral tilting related distortions play the primary role in the ferroelectric phase, and thus control the domain wall This lattice expansion induced conductivity change can be utilized through strain engineering during thin film growth. It was reported that the interface of the BFO/LSMO/ STO structure has an anomaly electrical performance [85] . As shown in Figs 6b-d, the epitaxial thin LSMO layer passes on the strain to the first several unit cells of the BFO film adjacent to the interface. Using HAADF TEM (Fig. 6b) , the c lattice parameter of the first 3-4 atomic layers of BFO has an increase from 4.06 Å to 4.21Å (Fig. 6c) . The extension of the structure leads to a suppression of the oxygen octahedral tilting, and the FeO x angles increase gradually in the BFO phase in the same region that shows the expanded c-lattice parameter (Fig. 6d) . The higher symmetry at the interface is expected to influence the conductivity of the interface of BFO/LSMO similar to the conducting domain walls. The electronic behavior is measured by lowloss electron energy loss spectroscopy (EELS) imaging (Fig. 6e) , that the decreasing of the bandgap at the interface comes mainly from an increase of the Fe-O-Fe angle to 180 o , and therefore enhances the bandwidth. These results demonstrate a mesoscopic antiferrodistortive phase transition near the interface in BFO. By controlling the epitaxial strain from certain substrates, the oxygen octahedral tilting can be controlled to establish new phase and novel properties in oxide ABO 3 thin films, which proposes a new concept of the tilting-controlled phenomena.
CONCULSION AND FUTURE PERSPECTIVES
The oxygen octahedral tilting in ABO 3 perovskite structure is highly related to the physical properties. The tilting systems can affect the properties in two aspects: 1) triggering new properties by regulating the electron or/and spin degrees of freedom; 2) tuning the original properties to an unexpected level. Since the discovery of Glazer, the possible tilting structure for basic perovskite has been studied and narrowed down from 23 possible tilting systems as Glazer first claimed. However, researchers' interest of prediction for new structures never stopped. With the rapid development of thin film growth technics and structure detection measurements, new superstructures with complex tilting systems have been exploited. Furthermore, controllable strain from substrate or elaborate interface, as well as the traditional doping method in ceramics, have been utilized to alter the lattice symmetry at atomic level, and then create new performances. With regard to magnetic and electrical behaviors, the controlling of the oxygen octahedral titling can bring out novel influences on the spin/orbit distribution, the (spontaneous) polarization, and the energy band structure. By manipulating the tilting in perovskite or related structures, tunable magnetic and electrical properties can be used for device applications.
